Introduction
============

Breast cancer is one of the most prevalent cancers and is ranked the second leading cause of cancer-related mortality in females worldwide.[@b1-ott-9-4505],[@b2-ott-9-4505] In recent years, the incidence of breast cancer has increased, accounting for nearly 22.9% of all female cancers worldwide.[@b3-ott-9-4505],[@b4-ott-9-4505] Diagnosis and treatment in the early stage are of great importance. Despite the impressive achievements in understanding breast cancer development and progression in the past decades, the underlying molecular mechanism remains elusive.

Ras homolog gene family member A (RhoA) is a small (\~22 kDa) G protein/guanosine triphosphatase that affects tumor invasion and migration in various cancer cells.[@b5-ott-9-4505]--[@b8-ott-9-4505] Overexpression of RhoA has been detected in some human tumors in which RhoA levels correlate with breast cancer stage.[@b9-ott-9-4505] Studying the regulatory mechanism of RhoA and developing treatments targeting RhoA may be effective for treating breast cancer tumorigenesis and progression.

MicroRNAs are small, noncoding, single-stranded RNAs that inhibit gene expression in all cell types by directly binding to the 3′ untranslated region (3′ UTR) of target mRNAs and modulating mRNA degradation or inhibiting translation.[@b10-ott-9-4505],[@b11-ott-9-4505] The predicted seed region in the 3′ UTR of RhoA showed that RhoA is a direct target of miR-490-3p. Studies have suggested that miR-490-3p is downregulated in certain cancers and acts as a tumor suppressor. MiR-490-3p is a regulator in hepatocellular carcinoma cells, inhibiting cell proliferation, migration, and invasion.[@b12-ott-9-4505] Epigenetic silencing of miR-490-3p promoted *Helicobacter pylori*-induced gastric carcinogenesis;[@b13-ott-9-4505] miR-490-3p overexpression inhibits the proliferation of A549 lung cancer cells.[@b14-ott-9-4505] However, the influence of miR-490-3p on breast cancer and the relationship between RhoA and miR-490-3p in breast cancer development and progression remain unknown. Our study reveals this in detail and is the first time such findings have been reported.

Materials and methods
=====================

Cell culture and transfection
-----------------------------

The breast cancer cell lines MCF-7 and T47D were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 100 µL fetal bovine serum (FBS), 10 µL penicillin, and 10 µL streptomycin per mL medium at 37°C with 5% CO~2~. The medium was changed every 2 days.

The breast cancer cells were transiently transfected with miR-490-3p mimic (sense strand sequence: 5′-CAACCUGGAGGACUCCAGCG-3′) or mock control (sense strand sequence: 5′-ACUACUGAGUGACAGUAGA-3′) using Lipofectamine 2000 according to the manufacturer's instructions.

Cell viability assay
--------------------

We used the tetrazolium (MTT \[3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide\]) assay to measure cell viability spectrophotometrically. Cells (3×10^3^) were seeded in a 96-well plate, 0, 24, 48, and 72 hours after adherence, 20 µL MTT solution was added to each well, and the cells were incubated at 37°C in 5% CO~2~. After 4 hours, 150 µL dimethyl sulfoxide was added to the wells and the absorbance measured at 490 nm spectrophotometrically within an hour. The optical density value obtained was related to the level of cell viability, that is, the number of live cells.

Cell cycle analysis
-------------------

The cells were cultured at 37°C in 5% CO~2~ for 48 hours, digested by trypsinization, washed in phosphate-buffered saline (PBS) twice, and fixed in 4 mL 75% cold ethanol for over 2 hours. Then, the cells were washed twice in PBS and stained with 500 µL propidium iodide (PI; BD Biosciences, Franklin Lakes, NJ, USA) in the dark at room temperature, and then the PI signal was determined using flow cytometry.

Apoptosis assay
---------------

The cells were stained with PI and fluorescein isothiocyanatelabeled annexin V (KeyGen, Nanjing, People's Republic of China), and then phosphatidylserine externalization, an indicator of early apoptosis, was determined according to the manufacturer's instructions. Briefly, the cells were cultured at 37°C in 5% CO~2~ for 48 hours, washed twice in cold PBS, and resuspended in 200 µL 1× binding buffer. Then, 300 µL binding buffer, 5 µL PI, and 5 µL annexin V--fluorescein isothiocyanate were added to each tube, and the samples were assayed by flow cytometry in an hour.

Wound healing assay
-------------------

We transfected the cells with miR-490-3p mimic or mock, seeded 1×10^6^ cells in six-well plates, and cultured them for 24 hours with mitomycin. The cell monolayer was scratched using a 200 µL pipette tip, the wells were washed with PBS, and the cells were cultured in FBS-free medium. Photographs of the wounds were captured at 0, 24, and 48 hours; the wound healing rate was measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The wound healing rate = (area of original wound − area of actual wound at stated intervals)/area of original wound ×100%.

Cell invasion assay
-------------------

Matrigel (40 µL from 8 mg/mL stock solution; Becton Dickinson Labware, Bedford, MA, USA) was used to coat the top chamber of 6.5 mm Transwell chambers (8 µm pore size; BD Biosciences, San Jose, CA, USA) and incubated at 37°C in 10% CO~2~ for 4 hours. Then, DMEM containing 10% FBS was added to the bottom chamber while FBS-free DMEM was added to the top chamber, in which 5×10^4^ cells per well had been seeded. After 48 hours, cells that had not passed through the Matrigel were removed using cotton swabs. Cells that had passed through the Matrigel to the underside of the filters were fixed with methanol and stained with 0.1% crystal violet. The number of cells was observed and counted using an Olympus fluorescence microscope (Olympus Corporation, Tokyo, Japan) and was used to determine the invasive ability of the tumor cells. Five separate fields were counted for every filter.

Real-time reverse transcription--polymerase chain reaction
----------------------------------------------------------

Total RNA was extracted from the breast cancer tissues or cell lines. Real-time reverse transcription--polymerase chain reaction was carried out using 2 µg RNA with AMV reverse transcriptase and random primers. MiR-490-3p primer (forward: 5′-CAACCTGGAGGACTCCATGC-3′; Takara, Kyoto, Japan) was certified by GenBank. Amplification of complementary DNA was carried out using a SYBR Premix Ex Taq II kit, and 18S rRNA (forward: 5′-ACGGACAGGATTGACAGATT-3′) was used as the internal control according to the manufacturer's instructions. The expression level of the related gene was measured using the comparative threshold cycle method (2-ΔΔCt).

Western blot analysis
---------------------

Western blotting was carried out using the Bradford method via a Bio-Rad protein assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). Sodium dodecyl sulfate--polyacrylamide gel electrophoresis on 10% acrylamide gels was used to separate the denatured proteins, which were then transferred to Hybond membranes (Amersham, Freiburg, Germany). The membranes were blocked overnight with 5% skimmed milk in Tris-buffered saline with Tween 20 (10 mM Tris--HCl, 150 mM NaCl, 0.1% Tween 20). For immunoblotting, the membranes were cultured at 4°C overnight with the primary antibodies RhoA, P70s6K, Bcl-xL, and matrix metalloproteinase-9 (MMP-9) (1:500, ProteinTech, Chicago, IL, USA), rinsed with Tris-buffered saline with Tween 20, and cultured with antirabbit or antimouse immunoglobulin G antibodies conjugated to horseradish peroxidase (Dako, Carpinteria, CA, USA) at 1:5,000 dilution for 2 hours at room temperature. After applying electrochemiluminescence-Plus detection reagents (Santa Cruz Biotechnology Inc., Dallas, TX, USA), the protein bands were observed using X-ray film. Glyceraldehyde-3-phosphate (1:2,000; Proteintech) was used as the internal control.

Dual-luciferase reporter assay
------------------------------

HEK293 cells were seeded in 24-well plates in DMEM containing 10% FBS and cultured for 24 hours. The RhoA 3′ UTR containing the putative miR-490-3p binding site was designed and inserted downstream of the firefly luciferase reporter (Promega Corporation, Fitchburg, WI, USA) according to the human *RHOA* mRNA sequence in GenBank. The cultures were transiently cotransfected with 50 nM miR-490-3p mimic or mock and 600 ng dual-luciferase vectors (containing either wild type or mutant 3′ UTR). After 48 hours, the luciferase activity was determined using a dual-luciferase reporter assay system.

In vivo xenografts
------------------

Female BALB/c nude mice aged 4--5 weeks and weighing 20 g were purchased from Shanghai SLAC Laboratory Animal, Co., Ltd. (Shanghai, People's Republic of China) and kept in a pathogen-free environment. Subcutaneous tumor xenografting was performed by subcutaneously injecting the mice with 200 µL PBS containing 1×10^7^ exponential-growth MCF-7 cells[@b15-ott-9-4505] that had been transfected with mock or miR-490-3p mimic. All animal procedures were carried out according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the China Medical University Animal Care and Use Committee.

Patients and tissues
--------------------

A total of 137 cases of surgical resected breast cancer samples were collected from the Tumor Hospital of Liaoning Province (Shenyang, People's Republic of China) between January 2007 and December 2013. All of the carcinomas had been histologically confirmed as invasive breast cancer according to the criteria of the World Health Organization and the molecular subtypes of breast carcinoma were identified. Paracarcinoma tissues were taken \>2 cm away from the carcinomas according to Li et al.[@b16-ott-9-4505] Written informed consent was provided by each participant. The study protocols conformed to the standards set by the Declaration of Helsinki and were approved by China Medical University Ethics Committee.

Immunohistochemistry
--------------------

Consecutive tissue sections were deparaffinized using xylene, rehydrated with alcohol, and subjected to antigen retrieval by heating in target retrieval solution (Dako) for 15 minutes in a microwave oven (Oriental RotorLmt. Co., Tokyo, Japan). We used 3% hydrogen peroxide to quench the sections for 20 minutes to block endogenous peroxidase activity, and 5% bovine serum albumin was added to block nonspecific binding for 5 minutes. The sections were incubated with RhoA antibodies at 4°C overnight, and then incubated with horseradish peroxidase-conjugated antirabbit antibodies for 2 hours. Finally, the slides were washed with Tris-buffered saline with Tween 20 three times and the binding sites were stained using 3,3′-diaminobenzidine. After counterstaining with Mayer's hematoxylin, the sections were dehydrated, cleared, and mounted.

Statistical analysis
--------------------

Statistical evaluation was carried out using Spearman's rank correlation coefficient to analyze ranked data, and the Mann--Whitney *U*-test was used to differentiate the mean of different groups. A *P*-value of \<0.05 was considered statistically significant. SPSS v 17.0 (SPSS Inc., Chicago, IL, USA) was used to analyze the data.

Results
=======

Overexpression of miR-490-3p inhibits breast cancer carcinogenesis
------------------------------------------------------------------

MiR-490-3p expression was significantly higher in para-carcinoma tissues than in the breast cancer tissues ([Figure 1](#f1-ott-9-4505){ref-type="fig"}, *P*\<0.05), proving that miR-490-3p suppresses breast cancer pathogenesis. Details can be found in [Table S1](#SD1-ott-9-4505){ref-type="supplementary-material"}.

MiR-490-3p inhibits breast cancer cell proliferation and migration in vitro
---------------------------------------------------------------------------

In order to check whether miR-490-3p influenced breast cancer cell proliferation and migration, we transfected MCF-7 and T47D cell lines with miR-490-3p mimics. Compared with the negative control and mock-transfected cells, the miR-490-3p-transfected cells grew markedly slower ([Figure 2A](#f2-ott-9-4505){ref-type="fig"}, *P*\<0.05). PI staining revealed that the miR-490-3p transfection induced G1 arrest ([Figure 2B](#f2-ott-9-4505){ref-type="fig"}, *P*\<0.05). Flow cytometry revealed that miR-490-3p transfection induced early stage apoptosis ([Figure 2C](#f2-ott-9-4505){ref-type="fig"}, *P*\<0.05). The wound healing assay ([Figure 3A](#f3-ott-9-4505){ref-type="fig"}, *P*\<0.05) and cell invasion assay ([Figure 3B](#f3-ott-9-4505){ref-type="fig"}, *P*\<0.05) showed that miR-490-3p transfection inhibited the migratory and invasive capability of the cancer cells.

MiR-490-3p targets RhoA and influences RhoA downstream factors directly in vitro
--------------------------------------------------------------------------------

We searched [microRNA.org](http://microRNA.org) (<http://www.microrna.org>) and found that the predicted binding site of miR-490-3p is the RhoA 3′ UTR ([Figure 4A](#f4-ott-9-4505){ref-type="fig"}). The dual-luciferase reporter assay proved this prediction ([Figure 4B](#f4-ott-9-4505){ref-type="fig"}, *P*\<0.05). Western blotting results showed that miR-490-3p overexpression reduced RhoA, Bcl-xL, MMP-9, and P70S6 kinase (P70S6K) protein expression ([Figure 4C](#f4-ott-9-4505){ref-type="fig"}).

MiR-490-3p inhibits breast cancer tumorigenesis and progression in vivo
-----------------------------------------------------------------------

To investigate the effects of miR-490-3p on breast cancer tumorigenesis and progression in vivo, we transfected nude mice with miR-490-3p-stable expressing MCF-7 cells. The tumor volumes in the miR-490-3p tumor xenograft mice were smaller than that in the mock tumor xenograft mice ([Figure 5A and C](#f5-ott-9-4505){ref-type="fig"}, *P*\<0.05). After 2 weeks, the tumor growth in the miR-490-3p tumor xenograft mice was obviously slower than that in the mock tumor xenograft mice ([Figure 5B](#f5-ott-9-4505){ref-type="fig"}, *P*~WEEK2~ \<0.05, *P*~deviation\ of\ the\ tumor\ xenografts~ \<0.01).

MiR-490-3p downregulates RhoA expression in tumor xenografts
------------------------------------------------------------

Immunohistochemistry revealed that the RhoA expression levels in the miR-490-3p overexpression tumor xenografts were lower than those in the mock xenografts ([Figure 6A and B](#f6-ott-9-4505){ref-type="fig"}).

Discussion
==========

An increasing amount of evidence suggests that microRNAs can affect multiple cancers by altering base pairing to the 3′ UTR of the target mRNAs leading to mRNA degeneration or inhibition of translation.[@b10-ott-9-4505] It has been predicted that mRNAs will be diagnostic and prognostic molecular bio-markers and therapeutic targets in cancer in the future.

It has been reported that miR-490 acts as an inhibitor in certain cancers. In osteosarcoma, miR-490-3p overexpression decreased cell proliferation and induced G1 arrest and apoptosis by targeting *HMGA2* (high mobility group AT-hook 2).[@b17-ott-9-4505] MiR-490 is also a novel tumor suppressor that targets c-*FOS* (cellular FBJ murine osteosarcoma viral oncogene homolog) in human bladder cancer.[@b18-ott-9-4505] MiR-490-3p targets cyclin-dependent kinase 1 and inhibits ovarian epithelial carcinoma tumorigenesis and progression.[@b19-ott-9-4505] Epigenetic silencing of miR-490-3p reactivates the chromatin remodeler SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily d, member 1 to promote *H*. *pylori*-induced gastric carcinogenesis.[@b13-ott-9-4505] We found that miR-490-3p was markedly downregulated in breast cancer tissues in comparison with paracarcinoma tissues. The cells transfected with miR-490-3p grew markedly slower and PI staining, flow cytometry, wound healing, and cell invasion assays revealed that miR-490-3p transfection induced G1 arrest, early stage apoptosis, and inhibited cell migration and invasion. Tumor xenografting revealed that miR-490-3p transfection reduced tumor volume and speed of growth. Our results indicate that miR-490-3p acts as a tumor suppressor in breast cancer, which is consistent with the other researchers who also reported that miR-490-3p acts as a tumor suppressor.[@b12-ott-9-4505]--[@b14-ott-9-4505],[@b17-ott-9-4505]--[@b19-ott-9-4505]

The bioinformatics database predicted that miR-490-3p would bind with the 3′ UTR of *RHOA* mRNA, which revealed that RhoA is a direct target of miR-490-3p. Furthermore, miR-490 overexpression downregulated RhoA expression. The dual-luciferase reporter assay proved that miR-490-3p affects RhoA directly. In vivo, miR-490-3p inhibited tumor growth and reduced RhoA expression in the miR-490-3p tumor xenografts in comparison with the mock tumor xenografts. These results support the premise that miR-490-3p suppresses breast cancer proliferation and progression by targeting RhoA.

Current studies tend to suggest that RhoA affects tumor metastasis, regulating the action of downstream effectors. Silencing RhoA in OVCAR3 cells inhibited cell proliferation, metastasis, invasion, and apoptosis and reduced AKT, P70S6K, Bcl-xL, survivin, and vascular endothelial growth factor mRNA and protein expression.[@b20-ott-9-4505] Silencing RhoA in tongue cancer cells inhibited cell migration and invasion and proliferation and reduced MMP-9, β-catenin, and cyclin D1/2 expression while increasing p27Kip1 and p21CIP1/WAF1 expression.[@b21-ott-9-4505]

Furthermore, our results also show that miR-490-3p over-expression reduced Bcl-xL, MMP-9, and P70S6K protein expression. Bcl-xL, MMP-9, and P70S6K are downstream activating sites of RhoA.[@b22-ott-9-4505] The MMP family proteins play roles in the breakdown of extracellular matrix by lysing the basal membrane collagen and inducing MMP synthesis during tissue remodeling in the normal physiological state or in disease development.[@b23-ott-9-4505],[@b24-ott-9-4505] These articles reported that MMP-9 protein content in spent medium and mRNA expression activated RhoA and that colonic epithelial cell migration varied inversely in relation to ASB (5′-aminolevulinate synthase 2) expression and thereby directly with C4S.[@b24-ott-9-4505] RhoA may affect the relevant genes and phosphorylation of the downstream P70S6K. P70S6K is a downstream effector of the phosphati-dylinositol 3-kinase/AKT signal transduction pathway; it affects protein synthesis and cell proliferation. The P70S6K/P85S6K pathway affects the G1/S checkpoint.[@b22-ott-9-4505] This implies that miR-490-3p may decrease cell proliferation, inducing G1 arrest by regulating P70S6K while inhibiting apoptosis by downregulating the anti-apoptotic protein Bcl-xL.

In conclusion, we demonstrate for the first time that miR-490-3p inhibits breast cancer tumorigenesis and progression by targeting RhoA and regulating Bcl-xL, MMP-9, and P70S6K expression. This is a different and significant understanding of the molecular mechanism of breast cancer. MiR-490-3p is a promising new strategy for breast cancer diagnosis and treatment.

Supplementary material
======================

###### 

miR-490 expression in breast cancer and paracarcinoma tissues

  Groups          N     miR-490 expression/18s   *P*-value
  --------------- ----- ------------------------ -----------
  Breast cancer   137   0.000368±0.001433        **0.05**
  Paracarcinoma   137   0.000817±0.002862        

**Notes:** The fold-difference of para samples to breast cancer was 2.22. Statistically significant values are shown in bold (*P*\<0.05).
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![Overexpression of *MIR4903P* inhibits breast cancer carcinogenesis.\
**Notes:** MiR-490-3p expression was significantly lower in breast cancer tissue than in the paracarcinoma tissue. \**P*\<0.05.](ott-9-4505Fig1){#f1-ott-9-4505}

###### 

MiR-490-3p transfection in breast cancer cells inhibits cell proliferation and induces G1 arrest and apoptosis.

**Notes:** T47D and MCF-7 cells transfected with miR-490-3p (**A**) grew significantly slower, and (**B**) G1 arrest and (**C**) early stage apoptosis were induced as compared with the negative control and mock-transfected cells. Each result represents the mean of three independent experiments. \**P*\<0.05.
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![MiR-490-3p transfection in breast cancer cells inhibits cell migration and invasion ability.\
**Notes:** MCF-7 and T47D cells transfected with miR-490-3p had decreased (**A**) migration ability and (**B**) invasion ability as compared with normal and mock-transfected cells. Each result represents the mean of three independent experiments. \**P*\<0.05. Magnification: (**A**) ×4; (**B**) ×10.](ott-9-4505Fig3){#f3-ott-9-4505}

![MiR-490-3p targets RhoA and influences RhoA downstream factors directly in vitro.\
**Notes:** (**A**) The predicted seed region in the 3′ UTR of RhoA proved that RhoA is a direct target of miR-490-3p. (**B**) Dual-luciferase reporter assay showing that miR-490-3p targeted RhoA directly by binding its 3′ UTR. (**C**) MiR-490-3p overexpression reduced RhoA, Bcl-xL, MMP-9, and P70S6K protein expression. Each result represents the mean of three independent experiments. \**P*\<0.05.\
**Abbreviations:** MMP-9, matrix metalloproteinase-9; RhoA, Ras homolog gene family member A; UTR, untranslated region.](ott-9-4505Fig4){#f4-ott-9-4505}

![MiR-490-3p inhibits breast cancer tumorigenesis and progression in vivo.\
**Notes:** (**A**) The miR-490-3p tumor xenografts were smaller than the mock tumor xenografts. (**B**) MiR-490-3p tumor growth was obviously slower than that in the mock tumor xenografts after 2 weeks and (**C**) the deviation of the tumor xenografts was significantly increased in the following period. \**P*\<0.05, compared with Mock group.](ott-9-4505Fig5){#f5-ott-9-4505}

![MiR-490-3p downregulates RhoA expression in tumor xenografts.\
**Notes:** RhoA expression levels in the miR-490-3p overexpression (**A**) tumor xenografts were lower (**B**) as compared with that in the mock tumor xenografts. Magnification: (**B**) ×20. \**P*\<0.05, compared with Mock group.\
**Abbreviation:** RhoA, Ras homolog gene family member A.](ott-9-4505Fig6){#f6-ott-9-4505}
